ABSTRACT The fifth generation (5G) research and development has been fueled by many new breakthroughs in various areas. The recent progress in carrier aggregation (CA), licensed assisted access (LAA), massive MIMO (MaMi), beamforming techniques, cooperative spectrum sensing (CSS), compressive sensing (CS), machine learning, etc., has provided inspiring and promising approaches to address 5G and beyond challenges. However, at the user equipment (UE) end, limited design budget and hardware resources bring along a series of challenging implementation issues when delivering multi-standard and multi-functional wireless communications. In this paper, we first review recent advances in technical standards and critical enabling techniques, accompanied with several case studies of product developments. After the classification of typical 5G application and deployment scenarios, we propose and analyze a novel hardware reuse and multiplexing solution to facilitate cost-effective and energy-efficient UE design, followed by an investigation of state-of-the-art hardware development from the systems and circuits standpoint. Moreover, wireless UE hardware solutions, UE proof-of-concept (PoC) implementation and field test are proposed and discussed. Finally, the new trends of UE design and terahertz technologies for 5G and beyond applications are investigated and envisioned.
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NOMENCLATURE

3GPP
Third Today, the research and development (R&D) of 5G technologies advance with unprecedented proliferation and serves as the catalyst of accelerating the global 5G deployment. In September 2015, the International Telecommunication Union (ITU) defined three principle usage scenarios for 5G: Enhanced Mobile Broadband (eMBB), Ultra Reliable Low Latency Communications (uRLLC), and Massive Machine Type Communications (mMTC) [1] . The representative service of uRLLC implies a very high importance on low latency with high mobility and security. A typical requirement of control plane latency and reliability is 1 ms and 99.999% reliability, respectively. Its applications and usage can be found in areas, such as, autonomous vehicles that have high safety dependency on reliability and latency [2] , [3] ; Industry 4.0 [4] which facilitates the wireless control of industrial manufacturing; e-Health such as remote medical care and surgery [5] , rescue support robot, public security, aviation, and other mission critical applications.
On the other hand, the mMTC service enables energyefficiency sensitive applications; smart city can be seen as a typical usage scenario, with a typical connection density over 1,000,000 devices/km 2 . Mobile edge computing (MEC) [6] and converged cell-less communications schemes co-enable a better quality of service (QoS) in smart cities [7] . Furthermore, since mMTC service necessitates ultra-densely deployed BSs to support massive number of users, it can lead to prohibitively large overheads, unaffordable complexity, and high cost and/or power consumption due to the large number of samples required by the Nyquist sampling theorem [8] . Therefore, the compressive sensing (CS) technique that provides a sub-Nyquist sampling approach can significantly reduce the data volume generated by each device for mMTC communications. Moreover, Ke et al. proposed a CS based adaptive active user detection (AUD) and channel estimate scheme in [9] that can address the reliable massive access problem of massive connectivity via adjusting the time slot overhead.
Mainly addressing the human-centric use cases, e.g., human-to-human (H2H) communications, eMBB is expected to achieve a high comprehensive performance in eight key indexes of 5G use scenarios as illustrated in Fig. 1 . EMBB needs to excel in six key indexes and obtain at least medium performance in the other two; compared to uRLLC and mMTC, either of which requires a full score in only one or two key indexes. Moreover, in terms of the guidelines for evaluating the radio interface technologies for IMT-2020, three of five connectivity scenarios are assigned to eMBB: Indoor Hotspot (IH), Dense Urban (DU), and Rural (RU). Therefore, eMBB may play an essential role among the three major dimensions of 5G use scenarios. 5G eMBB is expected to enable high quality video/audio streaming, e.g., 4K ultra high definition (UHD), 8K UHD (7680 pixels × 4320 lines), 3D UHD, immersive entertainment (virtual reality and mixed reality) and even hologram video calls [10] as shown in Figs. 2-3. On the other hand, 5G eMBB can be extended from conventional terrestrial communications to aerial communications, e.g., unmanned aerial vehicle (UAV) cellular mmWave communications [11] , [12] .
With respect to designing the 5G new radio (NR) to deliver the aforementioned 5G services, a significant challenge is how to efficiently utilize the available resources, such as spectrum and hardware that are available currently or in the near future. Exploring additional spectrum more efficiently for cellular communications has not stopped since the 1G era, and in recent years, potential cellular bands located at 3-6 GHz or higher are being extensively investigated. In Fig. 4 , cellular frequency bands (including unlicensed bands) used and reserved in major countries are plotted. Moreover, channel models up to 100 GHz have been thoroughly studied in [7] , followed by the Federal Communications Commission (FCC)'s decision to adopt new Upper Microwave Flexible Use Service [13] . Proofof-concept (PoC) or prototyping designs of devices and systems based on high millimeter wave (mmWave) bands (>100 GHz) and terahertz (THz) spectrum have been investigated in [14] - [20] , which lays the foundation for potential 5G and beyond, or 6G applications, although there are many challenges to overcome.
Carrier aggregation (CA) emerges as a cost-effective technique to overcome the spectrum fragmentation issue [21] and the Release 13 of the Third Generation Partnership Project (3GPP Rel. 13) can support up to 32 carrier components (CCs). In the near future, more complicated 5G CA, will be applied beyond 6 GHz.
Another solution to alleviate spectrum scarcity is to apply the shared spectrum paradigms. LTE in unlicensed spectrum (LTE-Unlicensed) has been proposed to allow cellular network operators to access the unlicensed frequency band to offload data traffic. The first version of LTE-Unlicensed is known as LTE-U developed by the LTE-U Forum. However, LTE-U is not a global standard because it only utilizes the carrier-sensing adaptive transmission (CSAT) scheme, and does not mandate the listen-before-talk (LBT) technique that is required in Japan and EU. In 2015, Google expressed the concern of LTE-U's lack of an effective coexistence mechanism when WiFi is received at a power level below −62 dBm [22] . Therefore, the second variant of LTEUnlicensed, licensed-assisted access (LAA), which integrates both CSAT and LBT functions, is standardized in 3GPP Rel. 13. Moreover, both uplink and downlink features have been introduced in enhanced licensed-assisted access (eLAA) of 3GPP Rel. 14. As new bands, e.g., mmWave bands, will be exploited for future 5G networks, more flexible but complicated ''5G-LAA'' CA combinations need to be investigated. Moreover, 5G NR ultra dense networks need more advanced protocols, such as cooperative LBT to reduce the collision probability [23] , pairLBT technique that improves the ability to perform carrier sense by avoiding hidden node issues [24] and so on.
Compared to LTE-U and LAA which require hardware changes (for both infrastructure and hand-held devices) for unlicensed LTE transmission to coexist with WiFi signals, LTE-Wirless Local Area Network (WLAN) aggregation (LWA) can enable configuration of inter-networking to utilize both networks simultaneously, and allows mobile network operator (MNO) to deliver the service with wellestablished networks and access points [25] . As observed from Table 1 [25] , LWA outperforms LAA, in terms of additional UE cost and cellular infrastructure impact. Considering that enhanced LWA (eLWA) has been scheduled in 3GPP Rel. 14 to introduce and support Wireless Gigabit Alliance (WiGig) 60 GHz band, eLWA may obtain more performance gains compared to the current LAA. However, a later version of LAA is also envisioned to include WiGig bands. Therefore, in this paper, 5G-LAA is one of our main focuses and it will be thoroughly investigated and analyzed. Since 5G-LAA, compared to eLWA, may bring more UE design challenges at both the physical layer (PHY) and the medium access control (MAC) layer, we will mainly deal with LAA design, instead of LWA.
Massive-MIMO (MaMi), Multi-user MIMO (MU-MIMO), distributed phased array MIMO (DPA-MIMO) [26] , non-orthogonal multiple access (NOMA), and other new multiple antenna/multiple access techniques, can be seen as [25] .
FIGURE 4.
Global spectrum occupation by regions [29] . alternative means to increase capacity when the spectrum resource becomes a major constraint. In particular, NOMA can efficiently utilize the limited spectrum resources to support multiple users in the same time/frequency resource block and distinguishes them in power domain or code domain [27] . User fairness in mmWave NOMA with analog beamforming is studied in [28] with a solution achieving near upper-bound performance.
Because 5G NR systems must support multiple wireless standards occupying a plethora of frequency bands and advanced technologies for various functions, the implementation challenge is technically and commercially unprecedented. This paper focuses on the system and hardware perspectives for 5G NR implementation. From the base station (BS) end, adopting more bands, particularly the mmWave bands, can drastically increase the complexity, cost, bulk, and power consumption. To support a wide range of modulation and multiple access technologies, the 5G modem design becomes more complicated than ever using significantly more hardware and software resources. But a more serious challenge is at the user equipment (UE) end, which stems from several design constraints including but not limited to, battery lifetime, overall product design, user experience, and reliability. For example, existing wireless user equipment can only accommodate a limited number of MIMO antennas and wireless chipsets without compromising the overall product design and user experience [26] . In order to maintain a satisfactory UE figure-of-merit (FoM) defined in [26] , judiciously arranging and utilizing the hardware resources in the UE design is highly relevant. In this paper, we carry out a study of dominant and potential enabling technologies and design techniques of 5G and beyond user equipment. Furthermore, we propose and evaluate cost-effective solutions for energy-efficient, multi-function, multi-standard, wireless UE designs.
The remainder of this paper is arranged as follows. Section II conducts an investigation of current mainstream carrier aggregation techniques, spectrum sharing paradigms and the related implementation challenges. In Section III, we first present the review and comparison of promising 5G wireless technologies that are categorized based on application and deployment scenarios, and then unveil the critical design constraints on the physical layer. Section IV proposes a novel system architecture facilitating efficient mode switching between cellular and WiFi for various application scenarios. Furthermore, Section V evaluates the most advanced 5G and WiFi mmWave hardware designs for antennas, systems and circuits and makes the prediction of future requirements in these areas. Section VI presents the critical wireless and product co-design methodology and examples, plus a specific proof-of-concept UE design with field test results. Some new and future trends such as foldable UE design and THz technologies are reviewed and discussed. Finally, Section VII concludes this survey paper. In order to clearly explain the logic flow of these sections, Fig. 5 presents the overall architecture of this paper in a diagram.
II. SPECTRUM SHARING AND CARRIER AGGREGATION IN UE DESIGN
The radio spectrum for civil applications is increasingly crowded. By giving a full frequency scan through MHz to THz, as redrawn based on a spectrum map in [29] , more and more bands have been and will be added into both licensed and unlicensed spectrum.
Among the released bands in 3GPP Rel. 13 and its later versions, Band 72 targets 450 MHz Narrowband IoT (NB-IoT), Bands 252 and 255 are solely for LTE-Unlicensed and restricted to Evolved Universal Terrestrial Radio Access (E-UTRA) operation when carrier aggregation is configured, Band 46 serves LTE-Unlicensed Time Division Duplex (TDD) band, and Band 47 is a TDD Vehicle-to-Everything (V2X) band that occupies 70 MHz bandwidth. It is worth mentioning that LTE-V2X has a frequency overlap, from 5855 MHz to 5925 MHz due to an IEEE 802.11p amendment which is also known as Wireless Access in Vehicular Environments (WAVE). However, LTE-V2X outperforms IEEE 802.11p in terms of reliability and mobility [30] .
Furthermore, several licensed high bands are proposed for 5G NR frequency range 2 (FR2), e.g., 24.25-27.5 GHz, 27.5-29.5 GHz, 37-40 GHz. Moreover, several sub-6 GHz bands are used for 5G NR mid bands such as 3400-3800 MHz and 4400-4900 MHz. Compared to 5G NR high bands, 5G NR mid bands hold richer multipath propagation and better scattering natures; accordingly, it enables higher spatial multiplexing gain (SMG), which makes 5G low bands more suitable for Macro cells required for high user mobility and massive MIMO applications.
A. CARRIER AGGREGATION
As summarized in [31] , there are a total of 900 CA combinations regulated. Downlink CA combinations compose of both regular LTE band groups and LTE-LAA ones, for example, LB/LB/MB/MB/HB (LB: LTE low band; MB: LTE mid band; HB: LTE high band), and HB/LAA/LAA/LAA/LAA (LAA: Band 46). However, as for enabling more CCs, for example, up to the 32 specified in 3GPP Rel. 13, the overwhelming challenge lies in the high performance hardware needed and the extreme requirements for hardware resources and energy efficiency.
In light of CA categorization, there are contiguous intraband CA, non-contiguous intra-band CA, and inter-band CA. Inter-band CA is the most challenging, with the most resources used. Take an inter-band downlink 3CCs CA, for example B2/B5/B30; the block diagram of hardware circuit and system is depicted in Fig. 6 . Starting from the primary multi-band antenna (operating from 600 to 2700 MHz), a pentaplexer divides the signal into five bands: LTE-low band, LTE mid band, LTE-high band, Wi-Fi/Bluetooth, and global navigation satellite system (GNSS). For cellular bands, antenna switch modules (ASMs) further execute band selection. After being processed by duplexers, PAs, and LNAs, the task by the RF front end is accomplished and 4G transceivers take over the job from then on. As mentioned, inter-band CA has to use an individual ASM, duplexer, power amplifier (PA), low-noise amplifier (LNA), and corresponding transceiver, which implies that it is more complicated and resource-consuming than its contiguous intra-band CA counterpart. Moreover, enabling inter-band MIMO with a larger number of CCs could be more resource-intensive. Consequently, the quantity of antennas, front ends and transceivers will have to be scaled up.
Besides the aforementioned challenges in resource requirements, another major technical issue is known as RF 'desense' (degradation of sensitivity) that happens mainly due to insufficient isolation from either the antenna level, devices (chipsets) level, board design level [26] , [32] , or a more comprehensive system level [33] . It is envisioned that at 5G UE end, the RF desense issue is more exacerbated and complicated. As the successor of IEEE 802.11ad, 802.11ay can deliver enhanced performance by enabling wider bonded channels (more than 4 times the bandwidth of 802.11ad) and higher orders of modulation and MIMO.
Today, some of the unlicensed bands have already been assigned to the 3GPP ''shared'' spectrum to coexist with LTE bands, e.g., bands 46, 252, 255, for LAA usage. Furthermore, as envisioned, some unlicensed frequency bands higher than 6 GHz, such as 57-71 GHz, will be soon labeled as the shared spectrum, in order to enable cooperation with 5G mmWave high bands. Likewise, 5G-LAA bands can be expanded to 57-71 GHz and therefore 5G-LAA CA combinations can be more diverse and complicated. In an extreme example, we can obtain a powerful CA combination defined as ''Super-CA'' that was proposed in [34] . Super-CA combines both LTE-LAA and 5G-LAA techniques, and copes with a wider spectral range from sub-6 GHz upto 95 GHz (or even higher) that is composed of future cellular and WiFi mmWave frequencies.
For example, a 5-CCs-based Super-CA combination can be denoted as B2/B5/B30/5G-28/5G-39, where 5G-28 and 5G-39 stand for 5G 28 GHz and 39 GHz bands respectively. Another exemplary case is B40/B46/5G-28/5G-39/5G-LAA, where 5G-LAA can be the 5G unlicensed band in the current 
57-71
GHz frequency range or any other unlicensed mmWave bands, particularly for 5G shared spectrum usage in the near future.
Assume that a cellular operator owns multiple 200 MHz sub-bands out of 5G high bands, a 5-CCs-based 5G Super-CA combination, such as B40/B46/5G-28/5G-39/5G-LAA, can enable a total RF bandwidth of 800 MHz, thus achieving significant wireless data throughput. If a larger number (> 5) of CCs or MIMO is used, the data rate can be higher.
However, implementing such a Super-CA at both BS and UE ends is enormously challenging. First, multiple RF frontend chipsets operating at 3/4G's sub-6 GHz and 5G mmWave high bands, are necessary. In the RF front end of 4G UE, there are power amplifiers (PAs), ASMs, diplexers, duplexers, multiplexers, etc., which are compatible to LTE standards, while in a 5G Super-CA case, more front-end blocks serving 5G low/mid/high bands (mmWave) need to be integrated and enabled. These front-end components are the major functional blocks determining the overall RF performance.
The foreseeable drastic increase in hardware complexity will lead to technical and commercial difficulties for 5G system design, particularly the UE design. Moreover, a slim form factor is mandatory and usually treated as high priority for 5G hand-held devices [26] . Consequently, it is impractical to compromise UE portability for higher wireless data throughput, from a real-life marketing standpoint. Furthermore, due to fabrication and testing complexity of 5G UE, the cost of both design and manufacture will be substantially high at the beginning. For example, the manufacture re-innovations may cause comparatively low yield until the quality control becomes more stable. Therefore, in the 5G era, the supply chain will scale up significantly [36] and become more diverse, while more challenging to manage than in the 4G era.
III. 5G R&D REVIEW AND APPLICATION SCENARIOS A. 5G STATE-OF-THE-ART
Integrating more types of cutting-edge wireless technologies into future 5G wireless UE is an unswerving trend. The opportunity is self-evident in that as the wireless data throughput can be dramatically increased with lower latency, which enables and enriches many potential application scenarios, and improves the quality of user experience.
On the other hand, the available hardware resources at the UE end are limited and constrained by the state-of-theart design and fabrication techniques [26] ; in this regard, the future 5G wireless UE needs to provide not only the most advanced 5G cellular services, but also backward compatibility to legacy 3GPP standards and other wireless technologies.
Additionally, usage scenarios become more complicated than ever, and it is urgent to investigate and develop new MAC-layer protocols for cost-effectively operating UE in heterogeneous networks (HetNet). For example, such protocols need to determine when, where and how to enable or cooperate one or more wireless technologies, in terms of specific application scenarios; in this respect, application requirements, usage environments, user habits, local (region) policies, business modes, infrastructure availability, network stability, security, etc., will be taken into account when developing such protocols. In some country/region where mmWave networks and infrastructure are more practical and cost-efficient, 5G UE with mmWave communication functions may expect rational investment returns. Likewise, for places where customers tend to use high-speed WiFi services, 5G UE supporting IEEE 802.11ad/ay and voice-over-WiFi (VoWiFi) will be a more viable product.
5G mmWave for outdoor/indoor services is confronted with several challenges, one of which is related to the high penetration/absorption loss which has been well studied through experiments over different frequencies in [37] - [40] . The penetration loss has shown very strong dependency on materials and frequency. For example, [39] shows that concrete attenuation loss is 4.38 dB/cm at 45 GHz (H-H polarization); according to [40] , at 73 GHz, for steel door, co-polarized penetration loss is as high as 9.9 dB/cm, whereas plasterboard wall (drywall) demonstrates a comparatively low co-polarized penetration loss of 0.8 dB/cm. These findings indicate the complexity and difficulty of 5G deployment.
In particular, buildings made of the concrete/brick and installed with the tinted glass energy-saving windows ( Fig. 7(a) ), have a relatively high cost of 5G mmWave infrastructure (e.g. femtocells) deployment. For example, Verizon and its partner Nokia Bell Labs have proposed a 5G modem solution to enable 5G mmWave signal transmission through ultraviolet (UV) rays blocking windows [41] , as illustrated in Fig. 7(b) . In addition, Verizon has demonstrated fixed wireless access (FWA) solutions for 5G residential broadband services over 5G new bands, with several outdoor and indoor infrastructures presented in Fig. 8 .
However, as illustrated in Fig. 7 (b) and Fig. 8(b) , installing such a device attached to the window may have issues associated with expense, reliability, building aesthetics, endurance, maintenance, user experience, etc. On the other hand, a conventional gateway router (home unit) supporting existing Fiber Optic Service (FiOS) or Fiber-to-the-Building (FTTB) can be an alternative solution to enhance the indoor 5G wireless user experience. This also implies that WiGig can be an appealing and complementary solution for indoor short-range massive data communication over mmWave bands. To summarize, 5G UE designs will be more diversified, highly flexible and customized than its 4G counterpart.
B. 5G APPLICATION SCENARIOS CLASSIFICATION
Application scenarios in which both sub-6 GHz and above-6 GHz bands (28, 37, 39, 60, (64) (65) (66) (67) (68) (69) (70) (71) are available for 5G cellular and WiFi networks, can be categorized into several representative types, in terms of inherent features, availability, and usage scenarios of these bands, as shown in Table 2 . For transmission distance, coverage, infrastructure maturity and cost, UE application challenges are examined correspondingly. Table 2 obtains an overall and brief understanding of how to efficiently cope with different 5G application scenarios, thus designing both 5G MAC protocols and PHY hardware architecture effectively.
As observed from Table 2 , each technology type has its corresponding typical application focus. Consequently, it is critical to implement and manage all these technologies in order to obtain the optimum performance gain for different application scenarios. Moreover, due to the practical UE design constraints aforementioned, cost-effective UE hardware architecture and PHY-MAC co-design need to be considered.
IV. MULTIPLEXING AND REUSE ARCHITECTURE FOR 5G USER EQUIPMENT
As more and more wireless technologies and hardware modules will be included in a single UE, cost and space become critical limiting factors in the 5G PHY layer design. In this section, we present a novel cost effective and space saving architecture that enables multiplexing of 5G cellular and WiFi/WiGig standards, with re-used antenna phased arrays. The system block diagram is depicted in Fig. 9 , which facilitates mode switching according to specific application scenarios, including the implementation of Super-CA.
Moreover, a detailed and complete wireless architecture is depicted in Fig. 10 , which includes function blocks of 5G sub-6 GHz [43] (compatible with 2G/3G/4G), 5G highorder MIMO (sub-6 GHz 5G NR), 5G mmWave, IEEE 802.11a/b/g/n/ac/ax, IEEE 802.11ad/ay WiGig, Bluetooth, GNSS, 5G-CA, 5G-LAA, etc. Next, the major function blocks for cellular, as well as cellular and WiFi/Wigig multiplexing are explained in details.
A. 5G SUB-6 GHZ COMMUNICATION
A multi-band antenna operating from 600 MHz to 6 GHz is used for a 5G sub-6 GHz front end and followed by a multiplexer. In the design case illustrated in Fig. 10 , a sexaplexer VOLUME 7, 2019 is proposed to enable a 6-way spectral division of sub-6 GHz to LTE low band (LB), LTE mid band (MB), LTE high band (HB), WiFi 2.4 GHz, global navigation satellite system (GNSS), and WiFi 5 GHz (3GPP Band 46). Each divided spectrum is routed to an individual antenna switch module (ASM) to realize further band selection. In Fig. 10 , the drawings of RF chains for other cellular bands are skipped for simplicity. Such a topology can enable a 5G sub-6 GHz CA case through accommodating multiple sets of front-end components.
Moreover, a ''LTE-LAA/WiFi Switch'' is used to realize the mode switching between TDD Band 46 and WiFi 5 GHz. When the LTE-LAA (or 5G sub-6 GHz) working mode is initialized, the RF route between port 6 of the sexaplexer and a single-pole-four-throw (SP4T) is built. As shown in Fig. 10 , a double-pole-four-throw (DP4T) is used to realize TDD downlink and uplink multiplexing, as TDD Band 46 is sufficiently wide that dividing it into 4 sub-bands with around 200 MHz each is more feasible and practical. As a result, 5G sub-6 GHz LAA can be formed by combing both the LTE LB/MB/HB and the shared unlicensed TDD Band 46.
However, implementing more CA combinations, or enabling multiple CA simultaneously working, necessitates more hardware resources such as RF front ends and RF transceivers. Regarding RF transceivers, more bands and higher layers of MIMO support indicate that more advanced architecture and design techniques need to be created. As shown in Fig. 10 , Antenna_1, named as the primary antenna which is normally accommodated in the specific part of the UE rear housing such as the top part of UE, because it is usually not blocked by human hands. N 5G_MaMi (usually>8) sets of MIMO antennas, front ends, and RF transceivers are used to enable higher order 5G sub-6 GHz MIMO at the UE end. The performance and complexity of the MIMO detector, channel estimator, and channel coders/decoders of the 5G sub-6 GHz system are much higher than that of its 4G counterpart.
B. 5G MMWAVE COMMUNICATION
The implementation of 5G mmWave communication functions is based on the DPA-MIMO architecture [26] . The phased array antennas and mmWave beamformer are codesigned in one single beamforming module (BFM) that also performs the first-stage frequency conversion. The 5G-mmWave IF-Radios further process the signals of frequencies lower than medium bands (<6 GHz). Thin coaxial cables are used to connect the 5G mmWave BFMs and the 5G IF-Radios. For example, I-PEX cable is a miniature RF connecting cable with a diameter of 0.8 mm or less for highfrequency signals up to 6 GHz and widely used in contemporary wireless products such as smartphone, laptop, wireless router, etc. The coaxial cables carry a reference signal, a control signal, an IF signal, and deliver direct current (DC) power from 5G IF-Radios on the main logic board (MLB) to BFMs. These four types of signals are combined or split through quadplexers; besides, a well-defined frequency plan needs to FIGURE 11. 5G TDD sub-6 GHz front-end and antenna module dedicated to 5G multiplexing/reuse. be designed to improve the system signal integrity [26] . Other benefits of applying DPA-MIMO to the 5G UE design have been well motivated and presented in [26] .
Furthermore, the entire 5G mmWave system consists of N BF multiple BFMs and IF-Radios. The N BF BFMs are arranged in the 5G UE rear housing following distributed approaches specified in DPA-MIMO design principles. A typical 5G UE mmWave design example [26] is redrawn in Fig. 13 . There are two switches connecting the Quadplexer in the 5G mmWave IF-Radio which enable mode switching between 5G mmWave and 5G TDD sub-6 GHz. This enables flexible self-adaptive reconfiguration which copes with various application scenarios.
C. 5G MMWAVE IF-RADIO MULTIPLEXING AND REUSE
When 5G mmWave communication is not available or needed, the route between 5G mmWave IF-Radio and 5G mmWave beamforming module is closed by deselecting the quadplexer using ''5G sub-6/mmWave mode switches''. Correspondingly, the downlink/uplink paths between the 5G mmWave IF-Radio and the single-pole-double-throw (SP2T) of the 5G sub-6 GHz front-end modules is established. In this situation, the 5G mmWave IF-Radio is transformed to a new role of ''5G TDD sub-6 GHz transceiver'', to co-work with the 5G TDD-sub-6 GHz front-end modules.
It is predicted that 5G sub-6 GHz bands will play a crucial role in future 5G services, since many more TDD bands over 3 to 6 GHz will be commercially launched. In particular, considering the wide shared spectrum provided by TDD Band 46, it is therefore necessary to accommodate more hardware resources at TDD MB (1.8-2.7 GHz), TDD HB (2.7-4 GHz), and TDD ultra-high band (UHB) (4-6 GHz), to enable higher layer of MIMO.
As shown in Fig. 11 , a multi-band (1800-6000 MHz) antenna is followed by a diplexer that is connected with a single-pole-5-throw (SP5T) and a single-pole-6-throw (SP6T). The SP5T and SP6T realize the band selection for a majority of emerging 3GPP bands such as Band 37-43, Band 46 (divided into 4 sub-bands, namely B46_A, B, C, D), plus TDD bands yet to be released, such as B4200 (4000-4400 MHz) and B4700 (4500-4900 MHz).
Furthermore, TDD-HB/UHB PA and LNA (working at 4-6 GHz) are multiplexed through a double-pole-4-throw (DP4T) to TDD-HB/UHD band filters, while TDD-MB/HB FIGURE 12. Enabling 5G mmWave uplink and 5G TDD Sub-6 GHz downlink simultaneously.
band filters are connected with TDD-MB/HB PA and LNA (working at 1.8-4 GHz) through a double-pole-5-throw (DP5T). By utilizing two groups of PA/LNA optimized at individual frequency bands, the design challenges of ultrawide band otherwise using one PA/LNA can be alleviated. As a result, overall performance is improved. Eventually, two SP2T modules facilitate a flexible operation combination of 5G TDD sub-6 GHz bands. From a higher system-level perspective, there are several benefits of reusing and multiplexing 5G mmWave IF radios. First, it enriches 5G CA and 5G LAA use cases by enabling higher-order sub-6 GHz MIMO. Second, a highly flexible and re-configurable hardware architecture can effectively reduce the hardware expense, and increase the cost-effectiveness. This can alleviate the hardware resource competence with other bands or standards.
In total, there are N BF sets of 5G mmWave IF-Radios (5G TDD sub-6 GHz transceivers), 5G mmWave BFMs, and 5G TDD-Sub-6 GHz front-end modules. In one potential application scenario, there could be the situation that N out of N BF sets of 5G mmWave IF-Radios (5G TDD sub-6 GHz Transceivers) work with N sets of 5G TDD-Sub-6 GHz frontend modules to realize 5G TDD Sub-6 GHz communication, while the remaining (N BF -N ) sets of 5G mmWave IF-Radios collaborate with (N BF -N ) sets of 5G mmWave BFMs to operate 5G mmWave communications.
On the other hand, the two mode switches, i.e., the uplink switch and the downlink switch, do not have to enable the same mode (either mmWave mode or TDD sub-6 GHz) at the same time. When downlink works in 5G mmWave mode, uplink can still work in 5G TDD-Sub-6 GHz mode and vice versa. This can further improve the flexibility of 5G UE operation, thus being able to adapt to more diverse application scenarios. An example is illustrated in Fig. 12 , where the uplink mode switch creates a 5G mmWave path, while the downlink mode switch enables the TDD Band B4200 to be tuned and received.
D. CELLULAR AND WIFI/WIGIG MULTIPLEXING AND REUSE
Cellular and WiFi compete for limited hardware resources at the UE end (e.g., at 2.4/5 GHz band). This competition is more severe when IEEE 802.11ax is deployed with higher modulation and MIMO order. Another challenge comes with implementation of IEEE 802.11ad/ay WiGig.
1) As presented in [26] and re-illustrated in Fig. 13 , eight identical 5G mmWave BFMs for cellular communications would be already tightly packed in the rear housing of a 5G UE (smartphone). Such a distributed placement can assure an excellent and robust spherical coverage cumulative distribution function (CDF) [66] , [67] . However, it may be impractical to squeeze in WiGig modules unless several cellular BFMs are replaced with WiGig ones. Compromising cellular performance is the last option if better coexisting approach can overcome this issue. 2) In the proposed architecture, we demonstrate a highly flexible and re-configurable circuits and systems architecture which enables the reuse and multiplexing of beamforming functions for both cellular and WiGig technologies. As illustrated in Fig. 9 , a ''5G Cellular/WiGig Switch'' is inserted between coax cables and cellular IF-radios, as well as WiGig IF-radios. As a result, the mmWave beamforming module can FIGURE 13. 5G mmWave cellular hardware design example [26] .
be multiplexed for both WiFi/WiGig and 5G cellular functionality. 3) Furthermore, cellular IF-radios can be also reused for cellular sub-6 GHz front ends and antennas through enabling the switches connected to them. Consequently, 5G mmWave cellular, WiGig, and 5G sub-6 GHz cellular can be reconfigured. In particular, WiGig and sub-6 GHz cellular functions could be simultaneously activated on request. 4) One of the prerequisites to enable the aforementioned feature is the BFMs's capability to operate at a very wide range of frequencies above 6 GHz, which is ideally from 28 to 71 GHz. The second prerequisite is that the WiGig function should also be implemented using Split-IF architecture. 5) About the possible WiGig implementation, as illustrated by a more detailed design example in Fig. 14 
E. UE AND BFM DIMENSIONS AND IMPLICATIONS
A critical system-level constraint of 5G UE design is hardware space. It is predicted that, in the near future, more and more trendy wireless technologies are required to be integrated on one single UE. On the other hand, aesthetic appearance for 5G hand-held devices cannot be compromised due to user experience and marketing reasons. Take a mainstream 5.5-inch smartphone for instance, the popular dimensions are around 160mm × 80mm × 8mm. Assuming that the BFM whose top view is depicted in Fig. 15 , the phased array contains A ANT rows, B ANT columns of antenna elements. Therefore the total antenna elements, N ANT = A ANT × B ANT . A 5G UE design example is illustrated in Fig. 16 where A ANT is 16. The width and length of BFM can be estimated by
(1)
where λ 0 is the free-space wavelength. Furthermore, in one single UE device, presumably there are A BF rows and B BF columns of BFMs. Therefore the total number of BFMs, N BF , is equal to A BF × B BF . In terms of the DPA-MIMO design principles [26] , in order to assure a good spatial multiplexing gain plus thermal dissipation, the isolation spacing (edge-to-edge distance of beamforming modules), D ISO , should be at least 1.5 times λ 0 .
As illustrated in Fig. 16 , L UE and W UE stand for the length and width of the UE. Furthermore, about 90% of L UE and 80% of W UE are assigned to the footprint of the BFMs, which means that 72% of the effective area of the rear housing is occupied by BFMs. On the other hand, the remaining 28% of the area is used to accommodate sub-6 GHz antennas, sensors, cameras, etc.
The constraint equations of BFMs arrangement and the UE dimension can be derived as follows: (4) where L BF and W BF can be calculated using (1), and (2), and D ISO is set to 1.5λ 0 . Hence, (3) and (4) are written as
When the carrier frequency and N ANT are fixed, the maximum number of BFMs that can be accommodated in a UE is determined. Consequently, the maximum supported spatial streams can be obtained; this is directly related to the UE dimension and carrier frequency.
Furthermore, the relation between free space path loss (FSPL) and wavelength, and the relation between beamforming gain and antenna elements quantity per BFM are well defined. The Friis transmission equation with ideal beamforming gain induced is given by
where P t is the output power when omni-directional antenna is used, and d stands for the distance. As N ANT = A ANT × B ANT , (7) can be further transformed to
which, by inducing (1) and (2), can be further formulated as
As observed in (9) , the signal strength (transmit and receive) has no correlation with carrier frequency, but only depends on the dimension of BFM (phased array) and communication distance. Furthermore, the spatial multiplexing gain can also VOLUME 7, 2019 FIGURE 17. A conceptual UE antenna system design accommodating both mmWave and THz beamforming modules.
be determined as long as the dimension of BFM and UE are defined. Take the mmWave DPA-MIMO architecture for example, the beamforming gain, SMG, SE, and other wireless performance are well defined if the 5G UE dimension is given. Although more hardware area is desired to mitigate the challenges of 5G mmWave UE design, UE dimension and weight have direct impact on user experience and UE cost, which needs careful market research. In addition, the antenna and beamforming modules may be accommodated not only in the UE's rear back housing, but also in the side narrow frame of a hand-held device [68] , which can enhance the spherical coverage and mitigate the human body (hand) blockage issue. On the other hand, considering the typical thickness (e.g., 6-10 mm) of contemporary hand-held devices, it would be challenging to place mmWave beamforming modules but feasible to integrate beamforming modules working at the THz band (0.1 THz to 10 THz). For example, an 8 × 8 phased array operating at 338 GHz requires an implementation area smaller than 5 × 5 mm according to the design and fabrication in [69] . As further illustrated in Fig. 17 , there are 4 and 8 THz-BFMs on the short side frame and long frame, respectively.
V. BEAMFORMING, ANTENNA AND INTEGRATED CIRCUITS
In this section, more in-depth investigation and analysis of critical hardware architectures, circuits and systems that facilitate cellular and WiFi co-enabling functions at 5G high bands are conducted.
A. Beamforming Architecture
According to the categorization of beamforming techniques summarized in [70] , there are mainly four beamforming array architectures, namely, RF-path beamforming, LO-path beamforming, baseband (BB) beamfomring, and digital beamforming. The phase shifter design of each type is quite different, and their advantages and disadvantages for RF system design and implementation are summarized in Table 3 .
From a hardware design standpoint, RF beamforming is more suitable for high GHz applications, with lowest complexity in LO, mixer, and baseband modem calibration for wideband beamforming whereas its SNR performance is degraded due to the loss caused by attenuation at high GHz frequencies. The other three beamforming schemes lead to more complicated designs of LO, mixer and calibration algorithms.
On the other hand, hybrid beamforming technique has become a promising approach of reducing the hardware cost and training overhead in massive MIMO systems as it can take advantage of both lower-dimensional digital processing and large-dimensional analog pre/post-processing [73] , [74] . Compared to fully digital beamforming (DBF) [71] which can achieve higher magnitude and phase resolution, and hence higher capacity, hybrid beamforming permits a flexible trade-off between the hardware resources and wireless performance [75] , [76] .
Furthermore, hybrid beamforming entails either fully-connected structure or partially-connected structure as illustrated in Fig. 18 . The hardware cost and power consumption of the partially-connected hybrid beamformer are significantly lowered since power combiners/splitters can be skipped and the total number of RF phase shifters is reduced by N t BF times, although some degradation in spectral efficiency (SE) is observed. Therefore, the partially-connected structure is more realistic and valuable for the user equipment design. In fact, the DPA-MIMO architecture is a specific manifestation of the partially-connected structure as each RF chain is dedicated to one specific sub-array.
B. MMWAVE ANTENNA ARRAY
Based on the DPA-MIMO architecture, one technical hurdle of enabling wideband operation lies in the multi-band, broadband antenna array design, particularly when supporting multiple bands, e.g., 28 GHz, 37 GHz, 39 GHz, 60 GHz, and 71 GHz, is required.
In [77] , authors have presented a 4×4 broadside radiation array and a 4×4 beam-scanning array, which exhibit a flat gain response of around 19 dBi from 23 to 32 GHz, with good out-of-band rejection performance. The FBW is as large as 32.7%, and this topology can be extended or enhanced for 28/38 GHz bands applications, but further efforts are needed for bands above 60 GHz. Moreover, a dualband dual-polarized (DBDP) array is reported in [78] and redrawn in Fig. 19 . It achieves two operation bands from 5.05 to 5.3 GHz and from 9.6 to 10.3 GHz, respectively, with a demonstrated radiation efficiency higher than 80%. This topology might be a potential structure for multi-band and narrow-band based mmWave antenna arrays. Furthermore, in [79] , a dual-band and co-aperture antenna array implemented in substrate integrated waveguide (SIW) and stripline (SLIN) technologies is presented. It has used a mainstream four-metal-layer, low-cost printed circuit board (PCB) to design and fabricate a phased array providing E-band (71-86 GHz) and local multipoint distribute service (LMDS) band (25) (26) (27) (28) (29) (30) (31) (32) . The core idea is to stack two types of antenna elements vertically, and particularly, the LDMS band antenna element should have enough space to accommodate the E-band element in order to give spacious opening.
Both [78] and [79] have leveraged a multi-layer structure to stack up two types of antenna elements targeting at two frequency bands. With respect to the topology in [79] , unlike [78] , the element spacing varies, according to high and low bands. Therefore, the element spacing of LDMS band is around two times as E-band, which may help facilitate a wider bandwidth at both bands. On the other hand, [78] has specified a fixed element spacing which is equal to 0.42 and 0.8 wavelength at 5.2 and 10 GHz, respectively.
From the investigation above, the BF module design needs to satisfy several aspects. First, given that an antenna array structure similar to the one in [79] is used, a multi-band, broadband antenna array with fixed element spacing can satisfy the technical specifications. As illustrated in Fig. 20 , a diplexer is used to connect one antenna element of the broadband phased array with an RF switch. Low mmWave bands (28-40 GHz) for 5G cellular and high mmWave bands (57-71 GHz) for WiGig are separated. Through a SP4T and band filters, four 5G bands, namely 5G_28, 5G_37A, 5G_37B, 5G_39, are selected correspondingly. Furthermore, a SP6T enables the band selection of 6 WiGig bands with center frequencies at 58.32 GHz, 60.48 GHz, 64.80 GHz, 66.96 GHz, and 69.12 GHz. A DP4T and DP6T are used for TDD operation and mode switching of 5G mmWave and WiGig, and only one wideband PA and one wideband LNA are required. Moreover, a multi-band frequency synthesizer operating at a wide frequency range is used to realize the frequency conversion of the listed mmWave bands, 28/37/39/60/68 GHz, to the targeted IF-Radio frequency. Therefore, only one band is exclusively operating, for either uplink or downlink.
On the other hand, if a multi-band broadband antenna array is temporarily unavailable, an alternative structure is given as in Fig. 21 . As observed, the 5G cellular antenna array and WiGig antenna array are separated, which might facilitate higher performance of the beamforming. Moreover, a diplexer is skipped for each antenna element, and thus the cost and insertion loss are reduced. However, such a BFM has a bigger area and causes an impact on the UE product and appearance design.
Moreover, it is meaningful to emphasize that a squareshaped 4×4 antenna array is used instead of 2×8 array or any other ones based on rectangular shape. This is mainly because, unlike a laptop, a 5G handset UE can be placed vertically and horizontally or rotated more frequently and randomly by the user. Additionally, on-chip antennas have been investigated and verified in recent years [80] , particularly for mmWave high bands and THz applications. However, for mmWave applications at a lower frequency range (<100 GHz), the cost-efficiency of on-chip antenna solutions is still outperformed by other solutions such as low temperature co-fired ceramics (LTCC) [81] , multi-layer organics (MLO) [82] , liquid crystal polymer (LCP) [83] or SIW solution [84] due to relatively low radiation efficiency [85] - [88] , low yield, issues related to manufacturing and testing, high cost, etc.
In order to effectively enable the wideband beamforming for multiple bands on 5G UE devices, the performance of critical integrated mmWave/sub-mmWave components, such as power amplifier, low noise amplifier, local oscillator (LO), and phase shifter, should be carefully investigated and specified.
C. POWER AMPLIFIER
As the power amplifiers of both sub-6 GHz and hyper-6 GHz are required on a 5G UE device, the 5G PA system design becomes more complicated and challenging to cope with the energy efficiency and overall PA system's reliability such as thermal performance. Based on the status-quo and future trend of research and development, complementarymetal-oxide-semiconductor (CMOS), silicon germanium (SiGe), gallium nitride (GaN), germanium arsenide (GaAs), laterally diffused metal oxide semiconductor (LDMOS), and Indium Phosphide (InP) are competitive candidate IC processes for integrated PAs operating at 5G high bands.
Nonlinear distortion in amplitude and phase of a PA are mainly dominated by AM-to-AM distortion and AM-to-PM distortion, respectively. Nonlinear distortion out of the band can result in significant leakage to adjacent channel, and therefore degrades the adjacent channel leakage ratio (ACLR) performance, while nonlinear distortion in-band can lead to deterioration of error vector magnitude (EVM). Usually, operating at higher frequencies makes nonlinear distortion more pronounced.
Based on a power amplifier performance survey [89] , the performance of integrated PAs working at 20-50 GHz, published from 2000 to present, is summarized and given in Fig. 22 . As illustrated, at the frequency of interest, PAs designed using CMOS and SiGe processes demonstrate satisfactory peak power added efficiency (PAE) (higher than 30%) when the saturated output power, P sat , is lower than 25 dBm, while PAs designed by GaN and GaAs processes demonstrate much higher performance. On the other hand, the maximum effective isotropic radiated power (EIRP) is regulated to be 43 dBm for mobile stations (MSs) by the FCC [90], as calculated, in a beamforming module where a 16-element phased array is employed, the maximum output power of each PA is limited to 19 dBm [26] .
Several CMOS/SiGe PAs examples are summarized here. A 5G mmWave multi-band Doherty PA prototype was presented with outstanding PAE and power back-off efficiency [51] . A 5G K/Ka-Band PA prototype with high peak PAE (41.5%) at very wide frequency range (18-29 GHz) was also presented in [91] . Furthermore, [92] presents a 46 GHz PA with 42.5% peak PAE and 22.4 dBm P sat . Reference [93] demonstrates a continuous-mode hybrid class-F/F-1 power amplifier operating at a very wide frequency range from 23.5 to 41 GHz, with 46% peak PAE. In addition, at WiGig bands, a CMOS PA demonstrates a 28.3% peak PAE with a P sat of 19.4 dBm [94] .
On the other hand, high peak to average power ratio (PAPR) of the popular modulation schemes adopted today, such as OFDM, makes power back-off significantly high. Some crest factor reduction (CFR) strategies including but not limited to, digital predistortion (DPD) [95] , RF predistortion (RFPD) [96] , doherty PA [51] , [97] , envelop tracking, can be judiciously applied to different design cases and application scenarios.
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Based on the above investigation, current PAs designed in CMOS and SiGe at 5G high band frequencies, can theoretically meet the performance requirements. These two processes are more appealing than other processes due to lower cost and higher integration level, particularly for 5G UE design.
D. LOW-NOISE AMPLIFIER
Wideband LNAs for 5G high bands are important as they largely determine the oveall noise factor (F tot ) and linearity of the entire receiver path and thus signal-to-noise ratio (SNR) and bit error rate (BER). The noise factor is given by
where A P(m-1) denotes the available power gain of the previous stage ( (m − 1) th stage ). Since LNA is located at the second stage after the ASM module but before the phase shifter that normally introduces the attenuation (loss), a higher LNA gain is desired to suppress the overall noise factor of the RX path, and increase the dynamic range. On the other hand, the LNA linearity can be indicated by an important metric known as the third order input intercept point (IIP3), and the total IIP3 has the following expression:
where G m-1 is the gain of the (m − 1) th stage. Furthermore, in a 5G system where RF bandwidth is significantly enlarged, gain flatness of the RX path and LNA is a serious concern and should be optimized in order to reduce the calibration complexity. As wireless standards become more diverse and the total number of frequency bands increases, integrating multiple LNAs and PAs altogether in the RF front end is difficult to avoid.
Authors of [98] proposed a very wide band (66.7% fractional bandwidth (FBW) ) mmWave LNA based on 2-stage cascade topology, operating from 70 to 140 GHz, with a high gain and low noise figure. A 4-stage common source (with transformer-based Gm-boosting method) based 54.4 to 90 GHz LNA is demonstrated in [99] possessing 49.3% FBW and good FoM. However, as for the expected LNA in our proposed architecture, which covers a wide frequency range from 28 to 71 GHz (equivalent to 86.8% FBW), a more advanced and competent integrated LNA design is highly desired, while being still feasible, for current advanced III-IV compound processes. For example, an LNA designed in InP-HEMT process [103] back in 2010, can achieve a competitive FoM of 18.3 to 27.9, which is several times higher than the mmWave LNAs in [98] . Furthermore, in terms of the work presented in [100] , a low-power 2-stage LNA achieves 8.5 dB gain 28 GHz, 6 GHz bandwidth, with a minimum noise figure of 2.7 dB. In addition, a 24-44 GHz ultra wideband (UWB) LNA is proposed with 65% 3dB bandwidth and low noise figure (< 5.5 dB) over the frequency of interest [101] . As IC design techniques and processes advance, more low-cost high-performance wideband mmWave LNAs will be available to facilitate multi-band 5G UE products.
E. PHASE SHIFTER
Beam steering and siodelobe suppression are two critical performance indexes of a phased array, and the phase shifter design influences them. For example, 5-degree and 22.5-degree phase shift quantization/resolution can result in a sidelobe suppression of 18.5 dB and 15 dB, respectively [49] . On the other hand, minimizing the phase error can reduce the beam steering errors, beam shape distortion and calibration complexity. Beam switching speed that mainly depends on the switching speed of the phase shifter largely affects the beam training and searching capability particularly in a highly mobile environment. For example in [49] , a 4-ns beam switching speed is recorded.
The performance loss due to the phase-shifting error and gain error, has been numerically analyzed in [102] . With a phase-shifting error of 5 • and gain error of 1 dB, the sum rate has seen nearly 50% degradation when SNR is 25 dB.
For the RF phase shifter connected to either LNA or PA, if it has low insertion loss (or even some gain) and low variation in loss, an LNA and/or PA with very high gain is not necessary, but programmable gain settings are preferred. Furthermore, the RF phase shifter requires sufficient linearity, because the receiver path needs to cope with strong interferers which usually happen after the signal combining. Moreover, at the transmitter, phase shifters should not limit the linearity and output power.
According to [70] , phase and amplitude control circuits can be mainly categorized into six types, namely, reflective-type phase shifter (RTPS), loaded-line phase shifter (LLPS), switched-delay phase shifter (SDPS), Cartesian vector modulator (CVM), LO-path phase shifter (LOPS), phaseoversampling vector modulator (POVM). The performance of phase shifters developed in recent years are summarized and compared in Table 4 .
F. LOCAL OSCILLATOR SIGNAL GENERATION
With respect to the LO generation for 5G systems, unlike the 4G LO which is typically implemented on top of the sub-6 GHz phased-locked loop (PLL) with wideband voltage-controlled oscillators (VCOs) [114] - [116] , the 5G LO generation should cover a wide range of frequencies including mmWave bands, e.g., 28 GHz/37 GHz/39 GHz/60 GHz/68 GHz/71 GHz, while maintaining good performance of phase noise and phase error.
In a TDD system, the phase noise produced by a TX LO can be easily spilled over into the receiver band of another UE device, and the phase noise specification and frequency offset can be derived from the maximum integrated noise that can be tolerated in channel and distance between TX and RX [117] . While for an FDD system, the TX signal leaks into the RX path of the same UE terminal, and the maximum noise 
where A is the gain error in dB and θ is the pahse error in radians between I and Q paths. Furthermore, the most important contributors to the degradation of EVM are namely, LO phase noise, LO leakage, gain flatness of receiver path and I/Q imbalances including LO path. According to [62] , IRR is required to be better than 35 dBc so that a BER of 10 −3 can be achieved on 64-QAM modulation. As calculated, such an IRR corresponds to less than 0.3-dB gain mismatch and less than 2-degree phase mismatch. Such an IRR performance needs to be maintained over 5G broad bandwidths and cope with the variances introduced by the process, voltage and temperature (PVT). A quadrature LO generator designed in 55-nm CMOS process demonstrated an IRR better than 40 dBc over the frequency from 28 to 44 GHz when measured under a wide temperature range from 5 • to 120 • . When the carrier frequency moves up to mmWave, LO generation is more challenging and complicated. Fig. 23 illustrates the generic block diagram of a typical PLL frequency synthesizer that is normally used for LO generation in contemporary wireless devices. Such an LO generator includes a reference (REF) signal (provided by crystal oscillator, XO), a phase/frequency detector, a loop filter (LPF), a divide-by-N frequency divider, and a VCO. When the carrier frequency runs at mmWave, the large PLL divider ratio, N , and large loop bandwidth will make the XO phase noise more critical.
Some mainstream mmWave LO generation strategies are illustrated here. As depicted in Fig. 24(a) , a fractional-N mmWave PLL frequency synthesizer uses a delta-sigma modulator to reduce fractional spurs. However, several difficulties lie in the mmWave oscillators; for example, the parasitic capacitance takes a large portion of the small tank capacitance and the quality factor (Q-factor) of the tuning capacitor (also known as varactor) is low, which further limits both the turning range (TR) and lowers phase noise performance [118] . Moreover, the mmWave frequency divider is challenging to design considering a large TR required. In order to alleviate these challenges, a frequency multiplier is used in the topology illustrated in Fig. 24(b) . However, designing a high frequency multiplier is another challenging task involving trade-offs between locking range and power consumption. [119] , and (d) mmWave PLL with harmonic boosting and extraction [120] .
Therefore, a frequency synthesizer topology based on the N-push VCOs is implemented to bypass the design of both high frequency multipliers and dividers. Fig. 24(c) illustrates a PLL that accommodates a triple-push VCO [119] that has coupled three identical VCOs. The third harmonic signal of the VCO is extracted and enhanced, and the PLL only needs to work at the fundamental frequency. Nevertheless, the drawbacks of using N-push VCOs include a larger chip area, low output power, low-energy efficiency, and performance degradation due to mismatches among N VCOs. As illustrated in Fig. 24(d) , Zong et al. have demonstrated a 60 GHz frequency generator on top of a 20 GHz VCO and an implicit multiplier in [120] . This design boosts the third-harmonic based on a transformer-based dual-tank resonator topology and further filters and extracts it using a three-stage power amplifier. Injection locking (IL) techniques for mmWave frequency synthesizer designs [62] , [121] , can provide competitive performance such as tuning range and phase noise. A recent work of 5G LO generation is based on injection-locked frequency multiplier (ILFM) and frequencytracking loop (FTL) [122] . Its LO plan enables a very wide frequency coverage from sub-GHz to 30 GHz for multiband applications required for 5G and 3GPP legacy standards. As illustrated in Fig. 25 , a fractional-N PLL frequency synthesizer generates a carrier signal from 2.7 to 4.2 GHz, which is further divided by 4 to serve the sub-GHz cellular bands, such as LTE low bands. Moreover, it can be divided by 2 to generate LTE mid-low bands and LTE mid bands. In addition, after being divided by 2 and multiplied by various injection-locked frequency multipliers (ILFMs), all cellular bands of interest can be obtained with good integrated phase noise. Such a 5G LOs prototyping design might be a suitable candidate for 5G mobile devices as it can simultaneously provide multiple bands to facilitate 5G-LAA and 5G Super-CA applications.
G. BASEBAND SIGNAL PROCESSING 1) SYSTEM AND ALGORITHMS
With the hybrid beamforming architecture used at the UE end, some part of the signal processing functions are performed by the baseband processing unit (BPU). Acquiring channel state information (CSI) is critical and challenging in mobile networks, and becomes more complicated for a hybrid architecture [124] . Currently, there are two dominant categories of channel estimation schemes for mmWave communications. The first one is to reduce the dimension of channel estimation problem into two steps, i.e., beam-training performed to obtain the analog precoder F A and analog combiner W A , effective channel matrix W H A HF A estimated by algorithms such as least squares. The second scheme is to explioit the sparsity of mmWave MIMO channels by directly obtaining the complete channel matrix H with low overhead [73] , [125] , [126] . Furthermore, after acquiring the CSI, hybrid precoding and combining need to be designed according to different hybrid MIMO architectures.
As regards enabling the cost-efficient beam training to obtain optimal F A and W A , there are two promising approaches. The first one is to extend the traditional singlebeam training schemes that have been widely used in IEEE 802.15.3c/802.11ad (WiGig) standards [127] , to multiple beams training. As illustrated in Fig. 26 , the codebook based single-beam training protocol usually contains three stages: quasi-omni pattern training, sector-level searching, and beam-level searching. Compared to the iterative method [128] , the codebook based beam training experiences the lowest training duration. In [129] , a novel beamforming protocol called multiple sector ID capture (MIDC) is proposed for 60-GHz communication to improve the precision of detecting the best link via considering the imperfection of Q-omni patterns. Furthermore, this hierarchical search can be applied to hybrid architecture in which the wide beam can be designed without reducing the transmit power [130] . The second approach for beam training is to use algorithms developed from machine learning techniques [131] - [135] .
Regarding the hierarchical codebook design, authors of [136] proposed two basic criteria and devised an efficient complete binary-tree structured hierarchical codebook by jointly using sub-array and deactivation antenna processing techniques, with superiority shown over existing alternatives. Moreover, a principal component analysis (PCA)-based broadband hybrid precoder/combiner design for mmWave massive MIMO was investigated in [137] . A low-dimensional frequency flat precoder/combiner from the optimal frequency-selective precoder/combiner was designed for full-connected array, with further extension to the partially connected sub-array given the antenna grouping pattern. Moreover, a shared agglomerative hierarchical clustering (shared-AHC) was proposed and inspired by cluster analysis in the field of machine learning.
2) CIRCUITS AND IMPLEMENTATION
Linear processing in hybrid massive MIMO is favored for providing competitive precoding and detection performance, but it does not guarantee low computational complexity due to large matrices operations [138] . However, processing latency is a crucial design consideration particularly for high-mobility application scenarios. For example, in order to cope with a mobility of 70 km/h, the precoding turnaround time is controlled to 0.15 ms [139] . Moreover, beam management including beam searching, beam tracking and beam alignment may make it more challenging for the precoding/combining latency. Therefore, a suitable beamformer structure (at both BS and UE ends) facilitating direction (AoA/AoD) learning is required for initial UE discovery [140] .
Regarding the practical circuits and systems design, it is envisioned that 2G/3G/4G/5G sub-6 GHz modems and a 5G mmWave dedicated modem could be separated due to the characteristic differences in carrier frequency, waveform, modulation scheme, multiple access (MA) scheme, etc. Correspondingly, the designs of the baseband digital front end (BB DFE), MIMO detector, channel estimator, channel coder/decoder, PA power supply modulators, can be highly customized.
As early as 2015, a hybrid RF/baseband precoding processor based on parallel-index-selection matrix-inversionbypass (MIB) simultaneous orthogonal matching pursuit (OMP) for mmWave MIMO system was proposed and implemented using TSMC 90-nm CMOS process [141] . Via applying the MIB-OMP algorithm to the precoder/combiner reconstruction and proposing a new iterative residual update procedure, the computation complexity is reduced with minimized BER performance degradation. When operating at 167 MHz with 243.2 mW power consumption, the processor achieved 4 M, 4.9 M, 6.7 M, and 6.7 M channel matrices per second in 4, 3, 2, 1-stream modes, respectively.
Later in [142] , a 128 × 8 (M × K , M is the number of antennas, and K stands for the number of users) massive MIMO precoder-detector is designed in 28-nm FD-SOI process. Zero-forcing (ZF)/minimum mean-squarederror (MMSE) is employed for uplink detection, with an energy efficiency of 60 pJ/b at 300 Mb/s detection rate. For downlink precoding, adaptive QR-decomposition (QRD) algorithm is adopted, a 300 Mb/s precoding data-rate is achieved with an energy efficiency of 6.56 nJ/QRD. Furthermore, in 2018, a 128 × 16 link-adaptive near-optimal massive MIMO detector based on expectation propagation detection (EPD) for upto 256-QAM is implemented in 28-nm FD-SOI process [143] . With 1.8 Gbps system throughput and an energy efficiency of 70 pJ/b, the EPD outperforms a linear MMSE detector in both non-line-of-sight (NLOS) and lineof-sight (LOS) conditions. VOLUME 7, 2019 FIGURE 27. Google Pixel Visual Core (PVC) chip photo [147] .
As the energy efficiency of massive MIMO preocder/detector/processor will be steadily advancing, batterpowered mobile user equipments can be equiped with more cost-efficient 5G (and beyond) cellular baseband processor to further improve the UE wireless performance.
In regards to the MAC layer design, algorithms for LTE-LAA [144] , 5G-LAA, 5G Super-CA and modeswitching functions, will be implemented to facilitate energyefficient application-centric operations. For example, some effective LBT based MAC protocol [144] for 4G needs to be extended for a 5G-LAA system. Furthermore, spectrum sensing will be crucial to effectively deal with 5G HetNet and dynamic environments. Therefore, some cooperative spectrum sensing algorithms based on machine learning techniques [145] may significantly increase the detection probability; accordingly, the quality of experience (QoE) and QoS are also improved.
H. DEEP LEARNING ON MOBILE DEVICES
Noticeably, deep learning hardware has recently been enabled into the user equipment devices in various ways. For example, the so-called ''intelligent machines'', Huawei Mate 10, has employed a dedicated neural network processing unit (NPU) in the Kirin 970 SoC [146] , to enhance AI-related tasks, such as camera recording, voice recognition and assistance, object recognition, memory and storage management. Google has released the Pixel Visual Core (PVC), which is its first custom-designed co-processor for consumer products. It has been integrated into Google Pixel 2 to handle the most challenging imaging and machine learning applications [147] . As illustrated in Fig. 27 , there are 8 image processing unit (IPU) cores, each of which contains 512 arithmetic logic units (ALUs). According to [147] , using PVC, high dynamic range (HDR+) can run 5 times faster and at less than one-tenth the energy than running on the application processor (AP).
The 64-bit ARM-based SoC, Apple A11 Bionic, has included a neural network hardware called ''neural engine'' [148] which can be used for the machine learning tasks such as Face ID (on iPhone X/XS) and Siri (intelligent personal assistant). This revolution has enabled implementing deep learning solutions from a cloud-based approach to an on-device one [149] , which is particularly effective in protecting user privacy through bypassing.
The fast-booming deep learning/machine learning techniques can also dramatically benefit wireless communications to obtain a higher performance gain. In addition to the previously discussed applications, machine learning/deep learning techniques can be also extensively applied to, channel estimation [150] , beam training [133] , indoor localization [151] , radio frequency fingerprinting [152] , scheduling beamforming [153] , predicting the network traffic, performing spectrum sensing in HetNet, learning user habits, devicefree wireless localization [154] , WiFi imaging [155] and its applications in device-free fall detection [156] . These techniques will greatly improve the comprehensive performance of a 5G and beyond UE device.
VI. 5G AND BEYOND UE WIRELESS AND PRODUCT DESIGN AND FUTURE TRENDS
Contemporary mobile user equipment becomes more complicated than ever, which needs to consider both engineering performance and aesthetics in product design. This is more so in future 5G and beyond UE design. On one hand, the 3GPP legacy and new standards should be implemented altogether with other wireless communications standards including WiFi, while on the other hand, the user experience which is partly associated with product design needs to be well sustained.
A. ANTENNA AND PRODUCT CO-DESIGN 1) As one critical feature, high-order MIMO antennas for sub-6 GHz applications need to be enabled on UE.
In [157] , 8×8 MIMO antennas working at 3.4-3.6 GHz, together with 4G 2×2 MIMO antennas operating at 824-960 MHz and 1710-2690 MHz, are presented with satisfactory antenna efficiency and channel capacity. In order to achieve high port isolation between antenna elements, antenna decoupling techniques have been developed in recent years such as current traps [157] and neutralization lines [158] , [159] . They may also become instrumental for future 5G mobile antennas and particularly valuable for the UE design. 2) As proposed and illustrated in Fig. 28 , we envision that 5G sub-6 GHz antennas, 5G mmWave/WiGig beamforming (BF) modules, and antennas used for other wireless technologies can coexist harmoniously with suitable design techniques and arrangement. Ant1 and Ant2 form 4G 2×2 MIMO antennas that are demonstrated in [157] , and they are placed on top part of the 5G UE. Moreover, a neutralization line (NL) colored in blue is used for enhancing the isolation. Ant3-10 from [157] are proposed for 5G sub-6 GHz applications such as 3400-3600 MHz band, and they can be extended for higher bands and multi-band FIGURE 28. 5G UE (smartphone) wireless system and product co-design back transparent view, and 5G mmWave carrier aggregation configuration.
applications as well, e.g., for example, above 4 GHz. In order to improve the antenna isolation, a NL that is also colored in blue is proposed to be inserted between these antenna elements. On the bottom part of 5G UE, similar 4G 2×2 antennas are situated. 3) After packing sub-6 GHz antennas, there remains approximately 70% effective area that is assigned to mmWave BFMs. First, BF modules BF1-6 have integrated the extra WiGig antenna arrays operating from 57-71 GHz since we assume that a highperformance wideband antenna array operating directly from 28-71 GHz may not be immediately available from the market. 4) Considering the antennas and BF modules interface, all sub-6 GHz antennas are directly connected to the MLB. 5G mmWave/WiGig BF modules are accommodated in the rear housing and connected to the 5G cellular IF-Radios and WiGig IF-radios, respectively. Furthermore, the ''5G Cellular/WiGig Mode Switches'' are implemented on the MLB and should be situated close enough to 5G cellular IF-Radios and WiGig IF-Radios. 5) As illustrated by another design instance in Fig. 28 , the entire UE (smartphone) wireless and product codesign stacks up the wireless hardware by several layers (in the order from top to bottom counted from back housing case). The first layer on top contains BF modules, sub-6 GHz antennas, and antenna interface (cables); a Qi-compliant [160] wireless charging coil is situated in the same layer as 5G antennas/arrays, and it normally operates at 110 to 205 kHz [161] . As noted, since the transmission distance is inversely proportional to the charging efficiency [162] , the thickness of BF module should be minimized with an estimated value is 1.5 mm according to [26] . The MLB is assigned to the second layer which accommodates the battery, data/charging connector and other gadgets. Moreover, camera and 3D sensor modules, may occupy both the first and second layer of the UE. Finally, the third layer beneath the MLB and battery is the placement of the metallic screen bracket which blocks the antenna radiation and enhances the signal integrity [26] , [33] . 6) Particularly, regarding the rear case (antenna back housing), metallic (alloy) material that has been popularly used may face some changes. If mmWave beamforming is adopted, without conducting special engineering processing [66] , [163] , metallic rear case can largely affect the performance of phased arrays in its near-field distance, unless (antenna) notch cut/slots are properly designed for BF modules [164] . Fortunately, some alternative materials have been put into successful applications. For example, Xiaomi's Mi MIX smartphone is manufactured with a ceramic rear case [165] , which is costly but has advantages in heat dissipation, hardness level, and causing less microwave penetration loss. Other material includes tempered glass that is used on products such as iPhone 8, iPhone X/XS, and Google's Pixel 3. Applying new materials helps exert to enhance the RF performance of mmWave BF modules.
B. CONFIGURING AND OPERATING SCHEMES OF WIRELESS UE SYSTEM
1) The 6 BF modules in the DPA-MIMO architecture are configured to work at various modes. For example, they can co-work at the same carrier frequency to enable VOLUME 7, 2019 at least 6 independent spatial streams. The challenge lies in that, AoD and AoA should be well controlled and the beams need to be rapidly and precisely tracked and aligned in order to lower the interference (or increase the spatial filtering). The spatial multiplexing gain in a DPA-MIMO system is highly associated with the envelope correlation coefficient (ECC) that is used to index the independence of two antennas (arrays)' radiation patterns. In order to minimize the ECC, there are generally three methods, first, polarizing adjacent mmWave BF modules; second, increasing the separation among BFMs; third, making peak radiation direction distinct. Through designing a real-world smartphone rear housing case in SolidWorks (CAD tool) with 28 GHz BF modules (16-element) and sub-6 GHz antennas embedded, we visualize the entire UE device with the simulated radiation patterns as shown in Fig. 29 . The minimum edge-to-edge spacing of BF modules is controlled to more than 2.3 free-space wavelengths, moreover, the main lobes are steered to distinct direction to reduce the ECC. 2) Nevertheless, the aforementioned beam management scheme presents a huge challenge to both UE and BS designs, although these designs are conditionally implementable in some application scenarios. Another alternative DPA-MIMO configuration, as presented in Fig. 28 , is proposed to assign neighboring BF modules with different frequency bands. Any two BF modules operating at the same frequency band, are situated from each other by abundant (diagonal distance as marked in green dash lines) isolation to obtain an optimized spatial multiplexing gain (2 layers). This can be treated as a frequency-space division (FSD) operation mode of a DPA-MIMO system; consequently, in-band interference can be minimized. 3) Based on the FSD mode, the wireless communication within a 5G HetNet is depicted in Fig. 30 . A UE device enables two mmWave BF modules to communicate with indoor WiFi (WiGig) router, while a cellular base station simultaneously communicates with the indoor UE through activating another four spatial beams. Through enabling carrier aggregation of both cellular and WiFi, an extremely high speed can be obtained to cope with more challenging application scenarios. 4) Fig. 31 peak data rates can generate a better figure of merit performance of a UE device. 5) Fig. 32 demonstrates the generic process of initializing the communication for the DPA-MIMO based user equipment. First of all, channel estimation will be performed through beam training such that the corresponding systematic strategies and behaviours will take place, such as handling the situation when the BF module(s) is(are) blocked. Moreover, the algorithms related to hybrid beamforming will be managed in this phase. 6) On the other hand, Fig. 33 describes a process of operating a multiplexed DPA-MIMO based wireless communication system, which comprises of several steps: spectrum sensing, determining network availability, examining application requirement, network selection, configuring cellular operation, configuring cellular and WiFi (5G-LAA, or 5G-Super CA) operation, and configuring WiFi operation. More complex and specific algorithms need to be built and expanded on this flow chart to enable cost-effective PHY-MAC cross-layer designs. 7) Regarding whether DPA-MIMO works at standalone spatial multiplexing mode (N BF independent spatial streams over the same band) or FSD mode shown in Fig. 28 , it depends on the specific application scenario described earlier and many other conditions such as channel status, speed/latency requirements, etc. Therefore, energy-efficient MAC protocols and MAC-PHY co-design can facilitate a high-performance 5G and beyond UE. To summarize here, the increasing resource handling capabilities and higher complexity of 5G and beyond hardware at the UE end will unavoidably result in higher power consumption. However, the energy efficiency (joule/bit) of wireless communications can be significantly improved when a larger bandwidth is aggregated via using 5G bands. With this being said, a 5G UE can transmit/receive the same amount of data, using less time and energy, compared to its 4G counterparts. The second complication lies in higher cost of mass production, which includes UE prototype design and verification, supply chain and quality control, etc. It should be noted that this cost increment will be moderated over time as productivity is improved.
C. PROOF-OF-CONCEPT DESIGN AND FIELD TEST
In order to verify the aforementioned wireless-product codesign concept, 5G proof-of-concept based on distributed phased arrays is illustrated in Fig. 34 . Together with wireless charging coil, four mmWave BFMs operating at WiGig frequency bands are accommodated in the rear case made of ceramic material (e.g., aluminum nitride (AIN) ) which can facilitate the heat distribution and minimize the penetration loss at mmWave bands when compared with rear cases made of metallic alloy and tempered glass.
As shown in Fig. 34(a) , two BF modules (2 × 8 antenna array on each) are placed alongside the top frame with an VOLUME 7, 2019 FIGURE 34. 5G user equipment PoC (a) wireless-product co-design manifestation and (b) prototype for field tests.
edge-to-edge spacing of around 4 times the free-space wavelength at 60 GHz. Such large spacing can minimize the ECC to mitigate the spatial filtering. Furthermore, another two BF modules placed on each side of the bottom part of the housing are perpendicular to the top two BF modules to minimize radiation coupling, with a vertical edge-to-edge spacing of 11 mm (> 2 times free-space wavelength) between each other. All BF modules are connected through RF coaxial cables to the IF-radio blocks, baseband processors, and eventually the application processors.
Field tests were conducted for two representative channel models [166] , i.e., Indoor Hotspot (InH)-Office (corridor) and Urban Micro (UMi)-Street Canyon. With a 21 dBm EIRP each BF mdoule is capable of transmitting at 60 GHz, the peak downlink speed is measured at 4.23 Gbps and 4.16 Gbps, while the speed decreases to 2.88 Gbps and 2.71 Gbps at a distance of 20 meters, for InH-Office and UMiStreet Canyon, respectively.
D. NEW AND FUTURE TRENDS IN WIRELESS UE DESIGN
The technological advances and evolution outside the domain of wireless design, have also been shaping the future UE. For example, at Mobile World Congress (MWC) 2019 Barcelona, Samsung and Huawei both announced their own foldable mobile devices, i.e., Samsung Galaxy Fold, and Huawei Mate X, as illustrated in Fig. 35 . One of the most critical enablers is the organic light-emitting diode (OLED) display technology, which has several advantages over its counterpart, liquid crystal display (LCD), particularly for the mobile UE design. For example, unlike LCD [169] which requires bulky backlight and filters, an OLED screen contains a thin film of organic compounds that produces light from an electric current right at the surface of the device [170] , which makes OLED lighter, thinner and flexible, and thus ideal for the foldable UE design with a slim form factor.
The foldable UE design facilitates more hardware area and therefore accommodates more antennas and mmWave beamforming modules. As depicted in the proposed DPA-MIMO based foldable UE design in Fig. 36 , there are totally 12 beamforming modules and 20 sub-6 GHz antennas that can enable more powerful and diverse Super-CA combinations with higher data throughput and better spherical coverage indexed by coverage efficiency. Moreover, the 5G and beyond UE may take diverse forms. For example, wearable devices such as virtual reality and mixed reality devices [171] , [172] , satellite communications (other than GNSS) supported devices, can be shaped and enhanced by 5G and beyond technologies.
E. ENABLING TERAHERTZ TECHNOLOGIES INTO USER EQUIPMENT?
Terahertz technology has been explored by many technology pioneers for several decades now. Due to the non-ionizing radiation and low photon energy features, THz radiation can penetrate fabrics, plastics, and living tissue with some depth without causing damage. Therefore, THz radiation has been conventionally applied to several research domains, namely, medical imaging, chemical imaging [173] , security screening, materials sensing, planetary exploration [174] , molecules spectroscopy [175] , astronomy [176] , pharmacology.
In recent years, more promising THz related technologies and applications have been developed. For example, [177] demonstrated a fully-electronic clock using sub-terahertz rotational spectroscopy as an alternative to previous miniature clocks; in [178] , continuous-wave radiation at 0.4 THz was generated to uniformly illustrate various input projects of the 3D-printed diffractive deep neural network (D 2 NN). Reference [179] investigated THz Interconnect (TI) applications (for inter-/intra-chip communications) via utilizing the THz frequency spectrum sandwiched between microwave and optical frequencies with the advantages of both electronics and optics leveraged.
Although THz waves are appealing to 6G wireless communications due to unallocated large spectrum, the atmospheric attenuation because of molecular absorption is much larger and more significant than the microwave frequency bands [15] , [180] . Based on the ITU-R attenuation by atmospheric gases models [181] , specific attenuation (dB/km) over frequency range from 0.1 to 1 THz is simulated and plotted in Fig. 37 for several meteorological conditions (under sea-level altitude, atmospheric pressure of 1013.25 hPa and temperature of 20 • ), namely, dry air, air with water vapour density of 7.5g/m 3 , medium fog, heavy fog, moderate rain (5 mm/h), heavy rain (25 mm/h), and violent rain (100 mm/h). It is observed that, H 2 O molecule can introduce significant attenuation to the frequencies of interest, although the attenuation may vary according to the specific type of meteorological conditions. As a result, THz outdoor communications can be highly constrained and subject to additional loss due to weather conditions, while THz indoor communications may be more immune to this challenge. From this aspect, the beamforming and phased array technologies are favored in THz systems.
Furthermore, the THz reflection properties are also different than GHz. Take indoor communication environments for example, the surface variations of many indoor objects are comparable to the THz wavelength (300 µm to 3 mm), therefore, smooth surfaces regarded for GHz become rough ones for THz [15] . The roughness factor is ρ = (ρ 0 + ρ 1 )e 
where ρ 0 represents the scattering coefficient corresponding to the specular reflection while ρ 1 denotes the corresponding one due to the diffusely scattered field. is the roughness deviation, θ 1 and θ 2 are incident and reflection angles, respectively. When g ≥ 1, the surface is moderately rough; then, g 1, the surface is very rough. Furthermore, the angular spreads at THz frequencies are larger than at GHz due to the rough surface, which means the antennas at TX can be smaller than λ 0 /2 for a THz MIMO system [15] . As a result, more THz MIMO antennas can be accommodated on the same area.
With respect to the THz system implementation, driven by the rapid advancement of IC processes and design techniques, THz circuits and systems can be realized at the semiconductor level, which makes the THz imaging systems downsized and more compact. With high-speed SiGe HBT technology achieving the next technology node at 700 GHz f max [182] , SiGe HBT technology is capable of enabling circuits fundamentally operating above 300 GHz [183] .
As early as 2012, [184] demonstrated a 144 GHz subcarrier synthetic aperture radar (SAR) phase radar designed in 65-nm CMOS for 3D imaging. The radar is able to achieve a spatial resolution and depth resolution of 3.3 cm 2 and 7.6 mm over 1-m distance, respectively, with only 457-mW FIGURE 38. (a) Chip micro photo of 2-D phased array designed and fabricated in 65-nm bulk CMOS process with on-chip antennas [69] , and (b) 400 GHz transmitter chip with 3D-printed high-gain horn antenna [187] .
total power consumption for both TX and RX ends. Reference [185] presented a 65-nm CMOS 1k-pixel THz camera working from 0.7 to 1.1 THz to collect all source-pixel beams, with high energy efficiency and a minimum noise equivalent power (NEP) at 100 pW/ √ Hz. Reference [186] presented a very low-noise 183 GHz CMOS/In-P-hybrid heterodyne spectrometer system that detects H 2 O and CH 3 CN molecules, for NASA's stratospheric balloon platform. Standaert and Reynaert presented 400 GHz transmitter and receiver chips designed in a 28-nm bulk CMOS process in [187] . This work demonstrated direct transition techniques between a THz chip and a waveguide, which provided a flexible low loss interface. Moreover, a 3D-printed highgain pyramidal horn antenna is aligned and placed on top of the THz chip, eliminating the need of a bulky silicon lens [188] for the imaging system.
More recently, the mmWave coalition has been proposing rules for commercialization of fixed and mobile systems above 95 GHz in order to create a global ecosystem [189] .
There are over 21 GHz contiguous bandwidth from 95 to 275 GHz. This makes THz bands technologies for nextgeneration wireless systems (6G) targeting 100 Gbps and higher speed, although there are many challenges to overcome, such as large losses with a combination ohmic losses and dielectric losses from substrate coupling [179] . As early as 2017, [20] demonstrated the world's first 300 GHz CMOS transmitter achieving 105 Gbps; [190] designed a 300 GHz, 100 Gbps wireless transceiver using monolithic microwave integrated circuit (MMIC) process; then in 2019, [191] presented a single-chip CMOS transceiver with 80 Gbps data throughput at 300 GHz.
It is worth investigating the THz antenna design and integration technologies for future 6G UE systems. The reduced footprint of THz antennas makes on-chip antenna designs more popular with benefits such as easier on-chip impedance matching [80] , less interface loss due to conventional bondwires, bondpads and PCB that introduce significant attenuation for THz signals due to the parasitic inductance and capacitance. As illustrated in Fig. 38(a) , a 2-D phased array designed and fabricated in a 65-nm bulk CMOS process with on-chip antennas is able to provide a 95 • beam steering and peak EIRP at 17.1 dBm, from 337 to 339 GHz [69] .
However, the silicon substrate in general is not suited for on-chip antennas fabrication due to low resistivity and high dielectric constant [80] . Therefore, some special but perhaps more expensive process and design techniques need to be used to enhance the on-chip antenna performance. For example, in order to improve the radiation efficiency, authors in [192] used a λ/4-thick quartz superstrate on top of the microstrip antenna working at 360-400 GHz, which increased the antenna peak gain and the peak efficiency by 3.1 dB and 3.5 dB, respectively. Moreover, artificial magnetic conductor (AMC) were reported to enhance the onchip antenna efficiency for both mmWave [86] and THz applications [193] .
As highly possible to be adopted in 6G, on-chip antennas and phased array design can facilitate high-performance beamforming techniques. The beam tracking and training are more complicated and challenging to implement as the number of phased array antennas may be larger than its 5G mmWave counterpart.
In addition, a compact THz system solution in [187] is enabled by assembling and integrating a 3D-printed horn antenna on top of the THz chip as shown in Fig. 38(b) . The THz transmitter is coupled through a differential patch antenna coupler to the horn antenna with a small build volume of only about 3 × 3 × 3 mm, with a realized gain of the total transition from the oscillator output on wards being 14 dB. Such an alternative THz antenna system design method can facilitate a 6G hand-held device with a small form factor.
Based on emerging technologies and trends, it is envisioned that the commercial THz chipsets and hardware solutions that are suitable for various applications at the user equipment end may be available for the next decade.
VII. CONCLUSION
Multi-standard, multi-function user equipment design for 5G and beyond, e.g., 6G, has triggered broad and urgent attention. In this paper, we have investigated recent 5G focused technologies such as carrier aggregation techniques and spectrum sharing paradigms, and classified future typical 5G and beyond application scenarios enabled by 5G LAA and 5G Super-CA.
The proposed DPA-MIMO based multiplexing and reuse architecture has been shown to facilitate a cost-effective and energy-efficient 5G and beyond UE design to cope with various existing and potential 5G deployment scenarios. Furthermore, in order to evaluate and predict the cellular and WiFi co-enabling solutions, the cutting-edge hardware design techniques and state-of-the-art design examples have been investigated. Examples of wireless modules hosted in a UE product have led to conceptual designs for antenna placement, DPA-MIMO configurations and frequency-space division of BFMs. These enabling technologies and their further evolution will pave the way to more diversified and more powerful multi-functional user equipment.
Moreover, a proof-of-concept UE product design based on 60 GHz commercial chipsets and its field test results have been presented to validate the design ideas in this paper. Finally, the recent progress of smartphone design and the THz technologies have been reviewed and discussed as important elements for next-generation user equipment.
